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Introduction 

The contractual work is in three parts: 
Part I - Effect of rotation on enhanced cooling 
passage heat transfer, Part I1 - Effect of Thermal 
Barrier Coating (TBC) spallation on surface heat 
transfer, and Part 111 - Effect of surface 
roughness and trailing edge ejection on turbine 
efficiency under unsteady flow conditions. Each 
section of this paper has been divided into three 
parts to individually accommodate each part. Part 
I11 is M e r  divided into Parts IIIa and IIIb. 

Part I 

In modern gas turbine engines, as turbine 
inlet temperature increases the engine thermal 
efficiency increases. However, the heat 
transferred to the blades in the turbine also 
increases. Still, the level and variation of 
temperature within the blade material (which 
cause thermal stresses) must be limited to 
achieve reasonable blade durability goals. The 
blades are cooled by air extracted from the 
compressor of the engine. Since this 
extraction incurs a penalty to the thermal 
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efficiency it is necessary to understand and to 
optimize for the engine and turbine operating 
conditions, the cooling method used, and the 
turbine blade geometry. This investigation 
studies jet impingement cooling which is a very 
effective cooling method. Jet impingement 
cooling uses cool jets of air, produced by 
pressure differences across nozzles in a nozzle 
array, to impinge on and cool a heated target 
surface (the interior surface of a turbine blade). 

Numerous studies on jet impingement 
cooling (Le. reviewed by Downs and James 
(1987)) have concentrated on designs for turbine 
blades. For example Kercher and Tabakoff 
(1970) and Florschuetz and Su (1987) varied 
geometric and operating parameters on stationary 
test models to determine optimum passage 
designs. For rotating turbine blades however, 
rotation creates additional forces (centrifugal and 
Coriolis) on the air and thus alters air motion 
and target surface heat transfer when compared 
with those results for stationary conditions. 
Only Epstein et al. (1985) studied the effect of 
rotation on jet impingement heat transfer (for jet 
flow perpendicular to the direction of rotation) in 
the concave leading edge region of a turbine 
blade. They showed heat transfer decreased up 
to 30% with significant jet deflection near the 
blade root when compared with stationary 
results. Therefore, this investigation expands on 
the limited information for the effects of rotation 
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on jet impingement cooling for use in the 
internal cooling passage design of rotating 
turbine blades. 

Part I1 

Advanced gas turbine engine components 
are covered by thermal barrier coatings (TBC) to 
protect the surface fiom hot post-combustion 
gases. Spallation of TBC (coating loss) occurs 
due to thermal stresses, or erosion and corrosion 
caused by using coal derived fbels. TBC 
spallation exposes the metal surfaces to hot gases 
and increases local and downstream heat transfer 
coefficients. Ekkad and Han (1995) studied the 
effect of depth, size, and shape of spallation on a 
flat surface. They reported that the heat transfer 
coefficient with spallation is enhanced up to two 
times compared with that for a smooth surface. 
The present study simulates the effect of TBC 
spallation on surface heat transfer on a cylindrical 
leading edge. The cylindrical leading edge 
simulates the turbine blade leading edge region. 
Ekkad et al. (1995) presented detailed heat 
transfer and film effectiveness measurements for 
film cooling on a cylindrical leading edge model. 
They presented results at five blowing ratios 
under two fiee-stream turbulence conditions. The 
present study investigates the effects of free- 
stream turbulence and film cooling on surface heat 
transfer coefficients and film effectiveness with 
spallation. Detailed distributions within and 
around the spallation are measured using a 
transient liquid crystal technique. 

Part 111 

Part IIIa. The improvement of efficiency and 
performance of turbine and compressor stages 
has been a key issue in turbomachinery research 
and development for several decades. 
Considerable efforts have been made to develop 
blade profiles with optimum efficiency for a 

variety of specific stage-load and flow 
Coefficients encountered in turbine engine design 
technology. The optimization of blade geometry 
regarding the profile loss/efficiency , incidence 
and deviation range by the industry and research 
institutions was performed utilizing steady flow 
cascade experiments. As a rule, the 
implementation of these profiles into the turbine 
component was associated with discrepancies in 
efficiency behavior that are partially attributed to 
the unsteady nature of the turbomachinery stage 
flow. Realizing the impact of unsteady flow on 
turbomachines, many researchers have 
investigated the effect of unsteady inlet flow on 
flat plates, cascades and on turbine stages using 
different types of wake generators. Refer to 
Schobeiri et al. (1995) for a detailed review of 
the relevant literature. 

Part IIIb. The improvement of thermal 
efficiency of power generation gas turbines has 
been a major goal in turbomachinery research 
over the last decades. Accordingly, considerable 
efforts have been made to increase the turbine 
inlet temperature. For conventional turbine blade 
material, the increased inlet temperature requires 
cooling of the front stages. The cooling mass 
flow is injected partially or entirely through the 
trailing-edge slots into the downstream axial gap, 
where the cooling and the main mass flows are 
mixed. The ejection process is associated with 
losses that can be minimized by optimizing the 
relevant ejection parameters. These parameters 
include, among others, the ejection velocity 
ratio, ejection mass flow ratio, slot- 
widwtrailing-edge-thickness ratio, and the 
boundary layer parameters on the suction and the 
pressure surface. Improper selection of these 
parameters results in higher mixing losses that 
reduce the efficiency of the cooled gas turbine 
blade. 
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Objectives 

Part I 

This investigation's goal is to measure 
flow distributions in and local convective heat 
transfer on smooth target surfaces in rectangular 
cross sectioned, orthogonally rotating, channels 
with jet impingement cooling under rotating 
conditions. Figure 1.1 shows sketches of cross 
sections for the test model. This model's design 
permits simultaneous testing for two jet 
impingement arrays. Air first enters a supply 
channel in the test model. Then in the first 
channel air jets created by one jet plate (see 
section A-A) flow opposite to the direction of 
rotation (forward rotation indicated in Figure 1) 
and impinge on the jet impingement surface in 
the first channel. The air then flows radially 
outward in the first channel inducing cross flow 
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on other jets in the first channel array. The air 
then turns 180" (without impinging jets), flows 
radially inward and becomes the supply air for 
jets in the second channel. In the second 
channel, air jets created by the other jet plate 
(see section B-B) flow in the direction of rotation 
and impinge on the jet impingement surface in 
the second channel. Air exits the second channel 
radially inward and again induces cross flow on 
other jets in the second channel array. The test 
model will rotate in the forward and reverse 
directions. Also, non-rotating data will be taken 
for a baseline and compared with previous 
investigations. 

Part I1 

The objective of this study is to investigate 
the effects of TBC spallation on a cylindrical 
leading edge model using a transient liquid crystal 
technique. Detailed heat transfer coefficient 
distributions are obtained for four spallation 
locations on the leading edge of the cylinder under 
varying fiee-stream turbulence conditions. Film 
cooling holes were placed at 15 O from the leading 
edge. Film cooling was combined with two 
downstream spallation locations to study the 
effect of spallation on film cooling. Two different 
depths of spallation were tested at each location to 
investigate the heat transfer enhancement caused 
by the spallation depth. 

Part m 
Part IIIa. The published research works on.  
turbine cascade aerodynamics including the 
boundary layer studies, have largely 
concentrated on the measurements of the profile 
losses and the boundary layer development under 
steady flow conditions. The few available 
boundary layer measurements are not 
comprehensive enough to provide any 
conclusive evidence for the interpretation of the 



boundary layer transition and separation process 
and its direct impact on profile loss and 
efficiency. A research program has been initiated 
to address the effects of the unsteady wake flow 
on the turbine efficiency. The objectives of this 
research are to: (1) provide a detailed unsteady 
boundary layer information essential for 
understanding the turbomachinery wake flow 
physics and its impact on efficiency and heat 
transfer; and (2) establish an unsteady boundary 
layer transition model. The data are analyzed 
using the conventional and wavelet-based 
methods. 

Part IIIb. The first objective of this research is 
to experimentally investigate the effect of the 
relevant ejection parameters such as the ejection 
velocity ratio, ejection mass flow ratio, the slot- 
widwtrailing edge thickness ratio, and the 
suction and pressure surface boundary layer 
parameters on the cascade aerodynamics and 
particularly on the mixing losses downstream of 
a cooled gas turbine blade. The second objective 
is to compare the experimental results with an 
extended theory developed by Schobeiri (1989). 
Based on the results, criteria will be established 
that allow an optimum aerodynamic design of the 
trailing edge ejection. 

Approach 

Part I 

This experimental study uses the steady 
state method to measure convective surface heat 
transfer coefficients. For this method, heated 
surfaces (copper plates) in the test model are 
cooled by air flowing across the surfaces and 
temperatures are measured by thermocouples. 
The local heat transfer coefficient, Nusselt 
number Nu, is: 

where dja is the jet hole (nozzle) diameter, k is 
the air thermal conductivity, Aplate is the heated 
plate exposed surface area, Tdl is a plate 
temperature, Tbulk air is bulk air temperature 
adjacent to the plate, and is the heat (energy) 
transferred from the plate to the air. To 
determine flow distribution throughout the test 
model, channel air temperatures and pressures 
are measured to calculate individual jet and 
channel flow rates. 

Part I1 

The detailed heat transfer coefficient and 
film effectiveness distributions are obtained using 
a transient liquid crystal technique. The technique 
uses a real time image processing system. The 
image processing system consists of an RGB 
camera, a monitor, and a PC with a CFG fiame 
grabber board. The surface is heated to a constant 
temperature and suddenly cooled by a room 
temperature free-stream. The color change time 
of the liquid crystal is captured for each pixel 
location on the surface. The time required for each 
pixel to change color to red from the initiation of 
the transient test is stored. The surface 
temperature response of the test surface is based 
on a semi-idmite solid assumption. The solution 
for a semi-infinite solid with 1-D transient 
conduction and a convective boundary condition 
at the surface is given by 

T -T h2ut h f i  
w1= 1 -exp(-)erfc(-) 
a - T ,  k2 k 

where T, is the color change temperature obtained 
from calibration, Ti is the initial temperature of 
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the test surface, T, is the ftee-stream temperature, 
t is the time of color change from the start of the 
transient test, and a and k are the .thermal 
diffusivity and conductivity of the test surface 
material. The heat transfer coefficient (h) is 
obtained at each pixel using the above equation 
(Ekkad and Han, 1995). For the film cooling case, 
the free-stream temperature (T,) is replaced by a 
film temperature (TJ which is a mixture of both 
the free-stream and coolant (T,) temperatures. 
Film cooling effectiveness is defined as 

I 

Replacing T, with Tf in Eq. (2.1) and then 
replacing Tf in terms of q from Eq. (2.2), the 
following equation with two unknowns of h and q 
is obtained 1 

h2ut h f i  
k2 k 

T,-T, = [ l  -exp(-)erfc(-)] 
(2.3) 

Two similar tests are run to obtain both h 
and q. In the first test, both the coolant and free- 
stream are at room temperature and the heat 
transfer coefficient is calculated using Eq.(2.1). 
The coolant is heated to a temperature close to the 
initial temperature for the second test. Since the 
local heat transfer coefficient is known, the film 
effectiveness can be calculated by rearranging 
Eq(2.3) as 

T,-T, 1 T,-T, q = --+- 
Tc-T- F(h) Tc-T, 

h2ut h f i  where F(h) = 1 -exp(-)erfc(-) 
k 2  k 

(2.4) 

Detailed heat transfer coefficient and film 
effectiveness distributions are obtained by 
applying Eqs. (2.1) and (2.4) at each pixel 
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Figure 1.2 Test Stand Schematic 

location (Ekkad et al., 1995). 

Project Description 

Part I 

Figure 1.2 shows a test stand schematic. 
Compressed air (coolant) is regulated by a flow 
control valve, flows through a sharp edge orifice 
flowmeter, through tubing, and through a 
rotating union at the bottom of a rotating shaft. 
The air then passes through the hollow rotating 
shaft and an aluminum, hollow rotating arm 
mounted perpendicularly onto the shaft. Finally 
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the air passes through the test model and exits 
through a hole in the arm into the lab. An 
electric motor with an adjustable frequency 
controller turn the shaft, arm, test model, a slip 
ring unit and a scanivalve unit via a toothed belt. 
A digital photo tachometer measures the shaft 
speed. 

Figure 1.1 also shows a schematic of the 
test model (223.5m.m long) located at one end of 
the rotating arm, which is designed to simulate 
jet impingement cooling in a rotating turbine 
blade. The supply and heated rectangular cross 
section channels are 9.5 x 19.0m.m. Air enters 
a supply channel and then flows through the first 
channel jet plate (1.59m.m thick) with 25 holes 
(nozzles) in a repeating staggered (2-1-2) 
arrangement. The hole diameters are 3.175mm 
and are spaced 3 diameters (9.5m.m) away from 
the heated target jet impingement surface in the 
first channel. Air impinges on this surface and 
then flows radially outward creating cross flow 
on other jets. There are no holes (jets) in the 
180" turn region but the outside wall is heated. 
The air, then enters a second supply channel, 
flows through the 28 holes of the second channel 
jet plate, impinges on the heated target jet 
impingement surface in the second channel, and - 
exits the test model radially inward which creates 
cross flow on other jets. The hole diameters, 
arrangement and spacing to target surface are the 
same as for the first channel. 

To obtain regionally averaged (local) heat 
transfer measurements, the heated target surfaces 
are made of isolated copper plates. Thin 
(1.59mm) strips of teflon separate and insulate 
these plates. The two target walls consist of 6 
plates each (5 plates 38.1 x 19.1 x 3.2mm, 1 
plate 25.4 x 19.1 x 3.2mm) with an additional 
two plates (25.4 x 19.1 x 3.2mm each) for the 
turn region. The plates are heated by electrical 
resistance heaters (one per wall) in grooves on 

the back sides of the plates and contain an 
imbedded thermocouple to measure local wall 
temperature. Thermocouples in the channel 
centers measure the bulk air temperature adjacent 
to each plate and at the inlet and outlet to the test 
model. The remainder of the test model is teflon 
for insulation. A slip ring unit mounted atop a 
hub connects the shaft to the arm. This unit 
transfers thermocouple outputs to a data logger 
interfaced to a personal computer and variable 
electric transformer outputs to the heaters. 

Two tests are conducted to obtain local 
Nusselt number. The parameter equals q tolal 

- qlOs where cltOlal is the heat generated at a plate 
for heat transfer tests and goSs is the heat loss for 
a plate. For heat transfer tests, the rotating 
speed and overall air flow rate are set and the 
transformers adjusted until the desired heated 
wall temperatures are reached. The plate and air 
temperatures, voltages and currents for each 
heater, and overall flow rate are recorded at 
steady state conditions. Then qtOd is the heater 
power (voltage x current) times the proportion of 
exposed plate area to total exposed plate area for 
the wall (heater). The heat loss per plate (q,oJ 
is the amount of heat flowing into the test model 
and test stand but not convecting directly to the 
air. Separate tests for heat loss are performed at 
the same rotating speed, with no air flow, and 
with the exit covered with tape to prevent forced 
convection induced by rotation. Several input 
power levels are used to determine heat loss as a 
function of plate temperature. Using the method 
of Kline and McClintock (1953) the maximum 
uncertainty for Nusselt number is estimated to be 
less than 7%. 

\ To obtain flow distribution 
measurements, there are wall static pressure taps 
in all of the channels. These taps measure the 
local pressure difference and permit the local jet 
air flow rate through holes and thus the local 
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channel flow rate for the two jet arrays to be 
determined. Tubes from the taps are connected 
to the scanivalve unit. This unit measures the 
pressure at each tap using a pressure transducer 
and a multiport fluid switch. The unit transfers 
its output via the slip ring unit. 

The flow distribution tests are conducted 
adiabatically (without heat). This investigation 
assumes the flow distribution is relatively 
unchanged by heat addition during heat transfer 
tests. For flow tests, the rotation speed and 
desired total flow rate are set at desired levels. 
The static pressure readings in the channels are 
then recorded using the scanivalve unit. The 
pressure transducer is also calibrated. 
Calculations for individual jet flow rates assume 
onedimensional flow and use an ideal gas 
equation of state, continuity, discharge 
coefficients and incompressible flow relations. 

Part I1 

Image Processing Setup. The image processing 
system is described above. The RGB camera is 
focused on the liquid crystal coated test surface 
and the test program is activated. The test surface 
is heated to a temperature above the color range of 
the liquid crystals. Once a steady surface 
temperature is achieved, the transient test is 
initiated by switching on the mainstream air. The 
time of color change at each location on the test 
surface is measured by the PC. The heat transfer 
coefficient and film effectiveness are calculated 
using the equations above. 

Cylindrical Leading Edge Test Setup. The test 
setup consists of a low speed suction-type wind 
tunnel facility. The flow enters through a 
contracting nozzle followed by the test tunnel 
(76.2 cm wide, 25.4 cm high, and 183 cm long) 
and is discharged through a blower. The 
cylindrical test model is placed 77.5 cm 
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Figure 2.1 Experimental Setup 

downstream of the nozzle exit in the middle of the 
test tunnel. The cylinder, 7.62 cm in diameter and 
25.4 cm long, is hollow with six cartridge heaters 
hidden inside to heat the outside surface. The 
cartridge heaters conduct to a copper cylinder that 
in turn conducts to the polycarbonate exterior, 
which is 0.64 cm thick and has low thermal 
conductivity and difiivity. Figure 2.1 shows the 
entire test setup. 

The fiont half of the polycarbonate 
exterior is replaceable. Spallations are machined 
on each piece at a different location. A spallation 
occupies about a 20" width on the cylinder. 
Spallations are placed 0"-20" (Sl), 10"-30" (S2), 
20"-40" (S3), and 35"-55" (S4). All the 
spallations are of the same size and are 3.81 cm 
long Q and 1.27 cm wide 0. Two different 
spallation depths of 0.25 cm and 0.51 cm are 
tested for each spallation location. For the film 
holes case, film holes are placed at =t15 " fiom the 
leading edge and are 0.475 cm in diameter and 
incline 30" and 90" in the spanwise and 
streakwise directions, respectively. Ten holes in 
each row are spaced four-hole diameters apart 
(P/d=4.0). The film hole-to-leading edge diameter 
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Figure 2.2 Leading Edge Test Models 
(a) Spallation (b) Film Cooling with 

Spallation 

ratio (d/D) was 0.063 and the film hole length-to- 
hole diameter ratio &/d) was 3.1. Figure 2.2 
illustrates a typical spallation test section and a 
spallation with film cooling test section. 

For the film holes with spallation case, 
spallations are placed at S3 (20"-40") and S4 
(35 "-55 ") from the leading edge with film holes 
at the same location as that for only film cooling 
case. 

Part I11 

Part IIIa. To study the unsteady cascade flow 
aerodynamics, a large-scale, high-subsonic 
research facility is developed (see Fig. 3.1). The 
facility is capable of sequentially generating up 

- 

-r 

74 (a) Test section 

(b) Pressure tap blade 

(c) Boundary layer measurement channel 

I 

Figure 3.1 Test Section: 1-Static Pressure 
Taps, %-Boundary Layer Probe, 3-Wake 
Generating Rods, 4-Slots for Streamwise 

Movement of the Probe 
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to four different unsteady inlet flow conditions 
that lead to four different unsteady wake 
structures, passing frequencies, and free-stream 
turbulence intensities. 

A large centrifugal fan with a volume 
flow rate of 15 m3 supplies air with a possible 
maximum mean velocity of approximately 100 
d s  at the test section inlet. The flow entering 
the fan passes through a fiber-glass filter capable 
of filtering particles of up to 5 pm. A diffuser of 
length 1500 mm and an area ratio of 1:4.75 is 
located downstream of a straight pipe that 
connects the diffuser with the fan. A settling 
chamber consisting of five screens and one 
honeycomb flow straightener controls the flow 
uniformity. Downstream of the settling chamber 
is a nozzle with an area ratio of 6.75:l that 
accelerates the flow to the required velocity 
before it enters the wake generator. With this 
tunnel configuration, it is possible to achieve a 
constant mean fluctuation velocity over a wide 
velocity range at the nozzle exit. For a nozzle 
exit velocity of 30 d s ,  a turbulent intensity of 
Tu = 0.75 % was measured. Two-dimensional 
periodic unsteady inlet flow is simulated by the 
translational motion of a wake generator (see 
Fig. 3.1) with a series of cylindrical rods 
attached to two parallel operating timing belts 
driven by an electric motor. The belts, having a 
length of 5000 mm, span over five shaft-pulleys 
arranged around the cascade test section. The 
diameter and number of rods can be varied to 
simulate the wake width and spacing that stem 
from the trailing edge of rotor blades. The belt- 
pulley system is driven by a lOkW motor. A 
frequency controller controls the belt speed to a 
maximum of 25 d s .  The wake-passing 
frequency is monitored by a fiber-optic sensor. 
The sensor also serves as the triggering 
mechanism for data transfer and its initialization, 
which is required for ensemble-averaging . The 
belt is attached with three clusters of rods with 

constant diameter and spacing (see Table 3.1). 
As a result, the effect of three different wake 
passing frequencies at one boundary layer point 
can be measured sequentially. This cluster 
configuration considerably reduces the time 
required for a systematic boundary layer 
measurement. The data analysis program 
separates the buffer zones between data clusters 
and evaluates the data pertaining to each zone. 
The cascade test section, located downstream of 
the wake generator, integrates five turbine blades 
whose geometry is described in the NASA 
Report by Schobeiri et al. (1991). One blade was 
specially manufactured and equipped with 40 
static pressure taps distributed uniformly around 
the blade. This blade is connected to a scanhalve 
to obtain the pressure distribution. A computer 
controlled traversing system with an encoder 
feedback is used for accurate positioning of the 
probes. A single hot-wire probe measures the 
boundary layer flow. 

The data acquisition system is controlled 
by a 486-personal computer that includes a 16 
channel, 12-bit analog-digital (ND) board with 
8-channel simultaneous sample and hold. Mean 
velocities and turbulent fluctuations are obtained 
using a commercial 3-channel (TSI), constant 
temperature hot-wire anemometer system. The 
wake generator speed and the passing frequency 
signals of the rods are transmitted by a fiber- 
optic trigger sensor. The passage signals of the 
rods are detected by the sensor using a silver- 
coated reflective paint on one of the belts. This 
sensor gives an accurate readout of the speed of 
the wake generator and the passing frequency of 
the rods. To ensure a high level of accuracy, the 
calibration method and the facility described in 
John and Schobeiri (1993) was used for all hot- 
wire calibrations. The instantaneous velocity 
components are calculated from the temperature 
compensated instantaneous voltages by using the 
calibration coefficients. For steady flow 
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Figure 3.2 Control Surface for Calculating 
the Pressure Loss Coefficient 

investigation, 16384 samples are taken at a 
sampling rate of 1000 Hz for each point in the 
boundary layer traverse. For unsteady flow, 
2048 samples are taken for each of 100 
revolutions of the wake generator, rotating at 7 
d s .  The above number of samples per 
revolution and total number of revolutions were 
obtained by a preliminary investigation. 

Part IIB. The research facility discussed in Part 
III-A of this paper was used for the experimental 
investigations. Since the major components have 
already been discussed in Part III-A, only a brief 
description of the trailing edge ejection system is 
presented. A special blade with an internal cavity 
and a fixed external ejection slot was designed 
and integrated into the turbine cascade facility. 
The blade, which has the same geometry as the 
one discussed in Part III-A, was mounted in the 

middle of the turbine cascade. The dimensions of 
the blade and the trailing edge are given in Fig. 
3.2. Filtered air drawn from a medium pressure 
air l i e  enters a rotameter with an inlet pressure 
of 1.3 bars and is injected into the blade internal 
cavity. During the experiments, the temperature 
difference between primary air flow and ejection 
air was less than 2°C. Total pressure, flow 
angles, turbulent intensity, turbulent normal, and 
shear stresses were measured at the inlet plane 
and at the trailing edge plane using pneumatic 
and x-wire probes. For pneumatic 
measurements, a miniature five hole probe was 
provided and thoroughly calibrated. For the 
calibration of the five-hole probe, the non- 
nulling algorithm developed by Wendt and 
Reichert (1993) was used that helped automate 
the calibration procedure. The new method 
developed by John and Schobeiri (1993) was 
used for x-wire calibration. A computer 
controlled traversing system with an encoder 
feedback was used for the vertical traverse of the 
five-hole and x-wire probes. The data acquisition 
system was controlled by a 486-personal 
computer that includes a 16 channel, 12-bit 
analog-digital (ND) board with 8-channel 
simultaneous sample and hold. Mean velocities 
and turbulent fluctuations were obtained using a 
commercial 3-channel (TSI) constant 
temperature, hot-wire anemometer system. At 
each point, pressure from each hole of the five- 
hole probe was sampled sequentially by a rotary 
scanner and measured with a high precision 
differential pressure transducer connected to the 
A/D board. The instantaneous velocity 
components from the x-probe were calculated 
from the temperature compensated instantaneous 
voltages by using the calibration coefficients. A 
sampling rate of 1000 Hz was used for 
investigating the steady flow. A comprehensive 
data reduction system was also generated to 
reduce the data and evaluate the ejection effect. 
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Results 

Part I 

When considering test model geometry, 

Nusselt numbers for jet impingement cooling in 
rotating channels depends on: (1) the ratio of the 
test model's mean radius to jet diameter, r,,, / d jn 
= 647.7 / 3.175; (2) the ratio of channel 
distance to channel hydraulic diameter, X / D; 
(3) average jet Reynolds number, Rej (qYqet 
/p); (4) Prandtl number, 0.72 for air; (5) jet 
rotation number, Ro (f2dj, Nj); (6) wall to jet 
density (temperature) difference ratio,(pj-pdl)/pj 

arm rotation direction; and (8) channel geometry 
(cross section and orientation). Operating 
conditions are: Rej = 2500,5000,7500, 10000 
and 12500, and Q = 0, 400 and 800 rpm, 
combining to produce Ro = 0.0023, 0.0028, 
0.0038, 0.0057, 0.0075, 0.0113 and 0.0226. 
The ranges for operating parameters Rej, Q, Roy 
and (pj-pdl)/pj are chosen to model actual 
turbine operating conditions. 

= ('I'M,-T j)/TMI = 0.129 ('I' ,,,,,-Tj=45"C); (7) 

For low speed flows in stationary 
geometries local velocity changes depend on 
pressure differences or gradients. Figure 1.3 
shows channel static pressures versus channel 
location for the five jet Reynolds numbers under 
stationary (top) and rotating, 800 rpm in the 
forward direction (middle) and 800 rpm in the 
reverse direction (bottom), conditions. By 
observation the sense and trend of relative 
pressure differences across the jet nozzles (= 
before jet pressures - after jet pressures) are the 
same regardless of channel, Reynolds number, 
and rotation speed and direction. For all 
channels, as channel location increases (from X 
/ D  = OinthefirstchannelandfromX/D = 
22.5 in the second channel) so do the nozzle 
pressure differences and so do the jet velocities. 
From continuity considerations and as indicated 
by decreasing after jet pressure curves, the first 
and second channel velocities increase from zero 
as channel location increases. As expected, the 
magnitudes of the nozzle pressure differences (jet 
velocities) and channel gradients (channel 
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Figclre 1.4 Air Velocity and Force Diagrams 
for Rotating Conditions 

velocities) increase as Rej increases. The static 
pressures decrease significantly in the turn 
region due to irreversible mixing losses from 
relatively high fluid shear stresses. 

However, as Figure 1.4 shows, rotation 
produces centrifugal forces (radially outward) 
and Coriolis forces (in various directions 

depending on local velocity direction) altering air 
flow. For the channel flow directions, the 
centrifugal forces and Coriolis forces for jet 
velocities only slightly add to or reduce the air 
channel velocities. This is because the channel 
velocities are driven by relatively large forces 
(i.e. , pressure differences or gradients). In 
addition, rotation creates Coriolis forces acting 
on fluid moving in the channel flow directions. 
These Coriolis forces for channel velocities are 
directed towards the target walls for forward 
rotation and away from the target walls for 
reverse rotation. 

Figure 1.5 shows the Nusselt number 
versus channel location for stationary (top), 800 
rpm in the forward direction (middle), and 800 
rpm in the reverse direction (bottom) operating 
conditions. As expected for stationary results at 
a jet Reynolds number, the Nusselt numbers for 
the first channel are the same as those for the 
second channel and decrease as channel location 
increases. However, the Nusselt numbers in the 
turn region are larger than those for either 
channel. For the channels, local convection at 
the point of impingement is high and decreases 
as distance from this point increases. As channel 
location increases, however, the magnitude of 
channel cross flow velocity increases and bends 
jets away from the target surfaces towards the 
channel flow direction. This reduces locally 
high heat transfer at the point of impingement. 
Also, as channel cross flow develops the heat 
transfer initially decreases with increasing 
channel location (for each channel) as for 
developing flow at a channel entrance. Unlike 
channel flow alone (without jet impingement), 
the heat transfer increases further downstream 
sin,= the amount of channel cross flow increases 
as the result of added jet flow. This produces 
increasing velocity gradients at the target 
-surfaces, which increase heat transfer. Thus, for 
both channels as channel location increases, 

14 



I 

Ro (rpm) 1 0.0057 (800) ' 0.0113 (800) 
Forward i 0 C 

0 Rej=2500 0 Re.=5000 v Rej=7500 I v Re,=looOO de,=l2500 

1.2 

1 J J I 

I I 1 I I 1 I 

- Rej= - 
250 

200 

100 

50 

0 
250 

200 

150 

100 
Nu 

50 

0 

1 I 1 I I 1 I 

Non-Rotation 

1 1 I 1 I I 1 

800 rpm (Forward Rotation) - 

250 

200 

150 

100 

50 

0 

Nu 

1 I I 1 1  I I I  I I I 

I 1 I I I 1 I 

800 rpm (Reverse Rotation) - 

0 5 10 15 20 25 30 35 40 
X/D 

Figure 1.5 Nusselt Number Versus Channel 
Location for Stationary and Rotating Tests 

regional heat transfer starts relatively high due to 
jet impingement, then decreases due to 
developing channel cross flow conditions and jet 
deflection, and finally increases slightly at the 

1.1 

0.8 

0.7 
First Channel 1Tm ! Second Channel 

1 I I I ' I  I I 

1.2 

1.1 

Nu 1.0 T 
0.9 

0.8 

0.7 _.. 
0 5 10 15 20 25 30 35 40 

x/D 

Figure 1.6 Nusselt Number Ratio Versus 
Channel Location for Ro=0.0057 and 

0.0113 

channel end due to added channel cross flow. 
The high heat transfer in the turn region is 
because all of the first channel flow is directed at 
the heated turn surfaces, thinning their boundary 
layers and increasing heat transfer. Finally, as 
Rej increases so do Nusselt numbers. 

Figure 1.5 also shows the rotating heat 
transfer results. Since rotation does not 
significantly alter the jet and channel flow 
velocities (see Figure 1.3), the target surface 
velocity profdes and thus, the rotating Nusselt 
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numbers follow the same trends but at different 
levels from those for stationary conditions; 
These differences are mainly caused by channel 
Coriolis forces and are explained below. 

Figure 1.6 shows the effect of rotation on 
the local Nusselt number ratio (Nu / Nu,,) versus 
channel location. The Nusselt number ratio is 
the local Nusselt number for rotation divided by 
the corresponding measured local Nusselt 
number for non-rotation. For rotation number 
Ro = 0.0057 (Rej = 1oooO) the Nusselt number 
ratios for forward rotation are larger (and mostly 
above 1.0) than those for reverse rotation (and 
mostly below 1.0). This is because the channel 
Coriolis forces for forward rotation are directed 
at the target surfaces in both channels, which 
thin their boundary layers and increase their heat 
transfer (see Figure 1.4). However, for reverse 
rotation channel, Coriolis forces are directed 
away from the target surfaces and decrease heat 
transfer. Finally, as Ro increases to 0.0113 (Rej 
= 5000), the effect due to rotation increases (the 
Coriolis force increases). The forward rotation 
Nusselt number ratios increase above 1.0 while 
the reverse Nusselt number ratios decrease below 
1.0 as compared to those for Ro = 0.0057. 

Part I1 

Tests were conducted for a mainstream 
Reynolds number (Re) of 100,900 based on the 
cylinder diameter. The mainstream velocity (LJ) 
was 21.5 m/s. Two grids were used to generate 
higher turbulence intensities of 4.1% and 7.1%. 
Film effectiveness and heat transfer coefficient 
measurements with film cooling were measured at 
a coolant-tomainstream blowing ratios of 0.4 and 
0.8. Results are presented in terms of Nusselt 
number (Nu=hD/k). The local Nusselt number is 
normalized by the mainstream Reynolds number 
to obtain NLI/R~~.~. Results in the present study are 
limited to the one side of the front half of the 

Nu/ReoJ 

0.5 1 1.5 2 

(a)Smooth 

(b) s1 (0"-20") (c) S2 (10"-30") 

(d) S3 (20"-40") (e) S4 (35'45") 

Figure 2.3 Detailed Nu/Reos Distributions for 
Various Spallation Locations 

cylinder and are presented from the true leading 
edge (0") to about 72" from the leading edge. 

Figure 2.3 presents detailed NU/R~O*~ 
results for smooth surface and all four spallation 
locations for a spallation depth of 0.51 cm and a 
free-stream turbulence intensity of 7.1%. The 
direction of flow is fiom left to right. The NU/R~O.~ 
values decrease along the surface of the cylinder 
fiom 0" to 72" fiom leading edge for the smooth 
surface. The highest NU/R~O*~ values near the 



leading edge are around 1.5 and decrease 
downstream, The four spallation locations are 
presented in the order of location from the leading 
edge. The spallation S1 (0"-20") produces very 
little enhancement compared to the smooth 
surface. Typically, local heat transfer coefficients 
downstream of the spallation are enhanced and 
heat transfer coefficients inside the spallation 
decrease compared to the smooth surface. The 
level of enhancement, as seen in Figure 2.3, 
depends on the spallation location. The highest 
enhancement is obtained for S3 (20"-40") where 
the values are as high as 2.5 immediately 
downstream of the spallation. 

2.0 

Figures 2.4-2.5 show the spanwise- 
averaged NU/NU, distributions for each of the four 
spallation locations under the three free-stream 
turbulence conditions where Nu, is the local 
Nusselt number for a smooth surface with no 
spallation. The %;Mu, distributions show the 
local enhancement due to spallation compared to 
a smooth surface. Figure 2.4 presents the gmb 
values for a spallation depth of 0.25 cm. By 
normalizing the Nusselt number with spallation 
with the Nusselt number without spallation, the 
effect of free-stream turbulence becomes small. 
Comparing the effect of the spallation location, 
the highest enhancement is obtained for the 
spallation S3 (20"-40"). Spallation S4 (35"-55 ') 
also produces high Nusselt number enhancement 
immediately downstream. There is little effect of 
the spallation on the upstream Nusselt number 
ratio values as can be seen for the cases of S3 and 
s4. 

Sl(0'- 20°) - - 

Figure 2.5 presents similar results for a 
depth of 0.5 1 cm. An increase in spallation depth 
increases downstream Nusselt numbers and 
decreases Nusselt number values inside the 
spallation. The trend in the distributions shows a 
significant change inside the spallation for all the 
locations. 
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Figure 2.4 Spanwise Averaged Nu/Nu, 
Distributions for Various Spallation 
Locations Under Three Free-Stream 

Turbulence Conditions for a Spallation 
Depth = 0.25 cm 

Figure 2.6 presents the effect of spallation 
location on detailed NU/R~O.~ distributions with 
film cooling at a blowing ratio of M=O.4. The film 
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holes are located at 15" from the leading edge. 
Two spallation locations are tested in conjunction 
with the film cooling holes. Spallation locations 

0.6 1.2 1.8 2.4 

Tu=l% Tu=7.1% 

Figure 2.6 Effect of Spallation Location on 
Detailed Nu/Reos Distributions with Film 

Injection (a) No Spallation (b) S3 (20"-40") 
(c) s4 (35"-55") 

were S3 (20"-40") and S4 (35"-55"). Results at 
two free-stream turbulence intensities of 1 % and 
7.1% are presented. Film cooling results without 
spallation are presented from Ekkad et al. 
(1995~). From the figure, it can be observed that 
the film cooling jets are more disturbed by the 
spallation S3 than for the spallation S4, which is 
farther downstream. The spallation S3 enhances 
local NLI/'R~~-~ greatly downstream of spallation. 
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Figure 2.7 Spanwise Averaged Nu/ReoS 
Distributions for Film Injection with Various 
Spallation Locations for M=0.4 and M=O.S 

However, the NLI/R~O.~ values inside the spallation 
are lower compared to the smooth surface. The 
film cooling jets appear to separate at the 

upstream edge of the spallation S3 and reattach 
immediately downstream of the spallation. The 
coolant jets are already weaker when they reach 
S4, which is about 20" downstream compared to 
S3, which is only 5" downstream of the film 
holes. For the higher fiee-stream turbulence case 
of 7.1%, the NU/R~O*~ values are higher compared 
to the %=1% case. Higher fiee-stream turbulence 
increases local flow disturbances thus enhancing 
Nu/Reo*' values. For the S3 case, the effect 
appears stronger compared to the S4 case. Higher 
fiee-stream turbulence also increases local 
N~hleO.~ values inside the spallation. This may be 
due to the lesser protection provided by the jets, 
which are weaker under higher fi-ee-stream 
turbulence condition. 

Figure 2.7 compares the spanwise- 
averaged Nu/R~O-~ results for film cooling with 
and without spallation for blowing ratios of 
M=0.4 and M=0.8. The effect of spallation 
location and fiee-stream turbulence are presented. 
In each case, the rdRe0.5 values for film cooling 
only are compared with film cooling and 
spallation locations S3 and S4. Results for film 
cooling only are presented from Ekkad et al. 
(1 995c). The spallation increases downstream 
ru/Re0-5 values and decreases rU/Re0-5 values 
inside the spallation. The film cooling without 
spallation case for each turbulence intensity and 
blowing ratio is shown to indicate the 
enhancement caused by spallation with film 
injection. 

Figure 2.8 presents the effect of spallation 
on detailed film effectiveness distributions with 
film cooling at a blowing ratio of M=0.4. The 
effectiveness distributions are jet-like along the 
hole for no spallation case at the %=1% case. 
When a spallation is placed immediately 
downstream of injection (S3), the jet-like 
effectiveness patterns disappear and the jets 
appear to coalesce immediately downstream of the 
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spallation cavity. A high effectiveness region is 
obtained along the spallation downstream edge. 
Effectiveness decreases further downstream. 
When a spallation is placed farther downstream of 
injection (S4), the effectiveness distribution is not 
disturbed although the effectiveness downstream 
of the spallation increases compared to no 
spallation case. This may be due to jet separation 
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and reattachment at the edges of the spallation. 
For a-higher free-stream turbulence, effectiveness 
reduces for all three cases. For the S3 spallation 
case, the effectiveness is still much higher than for 
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the no spallation and S4 spallation cases. 
Effectiveness is very low inside the spallation for 
both S3 and S4. 

Figure 2.9 compares the spanwise 
averaged film effectiveness 6) for film cooling 
without spallation to film cooling with spallation. 
The presence of a spallation S3 increases film 
effectiveness downstream and decreases film 
effectiveness inside the spallation. Film 
effectiveness for a case with spallation S3 is in 
general higher than that for the case with 
spallation S4. Effectiveness decreases as blowing 
ratio increases from M=0.4 to M=0.8. The film 
cooling without spallation data is shown for 
comparison to see the effect of the spallation 
location on film effectiveness distribution. 

Part I11 

Part IIIa. The time-averaged pressure 
distribution, shown in Fig. 3.3, was taken by a 
multi-channel scanivalve for a steady and an 
unsteady case, where rods with one uniform 
spacing of S, = 160 mm, were attached to whole 
length of the belt. The noticeable deviation in 

Table 3.1 Specifications of Inlet Flow, Blade, 
Cascade, and Wake Generator 

Characteristics 
Parameters I ~ a ~ u e s  I Parameters I values 
Inlet 
velocity 
Blade inlet 
metal angle 

a,= 0" Blade exit ck_= 61.8" 
metal angle 

Blade height I L = 200 mm Blade spacing S, = 160 mm I I 
Blade chord 

cascade 
solidity 

C = 281.8 Blade Re- 
mm number 
a = 1.76 Cascade flow 

coefficient 

Re, = 563600 

cp = 2.14 

Cluster I I SR = 160 R - ParYnetet I for cluster 1 rodsoacine mm 
~~ ~~ 

Cluster 2 S, = 80 IIUII R -  parameter R = 1.634 
rod spacing for cluster 2 

rod spacing for cluster 3 
Cluster 3 SR = 40 ~UII R - parameter R = 3.188 

Rod DR = 5 mm No. of rods in nR = 19 
diameter cluster 2 

No.ofrods l I R =  11 No. of rods in nR = 38 
in cluster t cluster 3 

pressure distribution between the steady and 
unsteady cases, especially on the suction surface, 
is due to the drag of the bars adding transverse 
momentum to the flow. On the suction surface 
(lower portion) the flow first accelerates sharply, 
reaches a minimum pressure coefficient at s/so = 
0.25 and then continuously decelerates at a 
moderate rate until the trailing edge is reached. 
On the pressure surface, the flow accelerates, 
reaches a minimum pressure coefficient at s/so = 
0.1, and experiences a short deceleration and 
then accelerates almost continuously at a slower 
rate. This pressure distribution indicates that the 
flow on both surfaces, except for a short distance 
around s/so 0.1, is subjected to a negative 
pressure gradient until s/so = 0.25 is reached. 
Beyond this point, the pressure gradient on the 
pressure surface remains negative, while on the 
suction surface, positive pressure gradient 
prevails. 
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Boundary layer profiles under the 
influence of three different wake-passing 
frequencies and a steady inlet condition were 
taken on the suction surface at 13 streamwise 
positions and on the pressure surface at 11 
streamwise positions. The steady case results 
serve as the reference case for comparison with 
the unsteady cases. To account for the 
unsteadiness caused by the frequency of the 
individual wake generating clusters and their 
spacing, the flow velocity, and the cascade 
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Figure 3.5 Ensemble-Averaged 
(a) Momentum Thickness and (b) Shape 

Factor on Suction Surface at S/S, = 0.509 

parameters, we defrne an unsteady flow 
parameter Q = (c/SJ(UNd = (oS'/(cpSJ that 
includes the cascade solidity o, the flow 
coefficient cp, the blade spacing S,, and the rod 
spacing S,. The individual cluster configurations 
with the corresponding Q-parameter are specified 
in Table 3.1. 

The integral parameters such as 
momentum thickness and shape factor are of 
particular interest to a turbine designer, since 
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they provide an accurate first estimation of the 
quality of the designed blade. The ensemble- 
averaged distributions of the momentum 
deficiency thickness and shape factor on the 
pressure and suction surfaces at one streamwise 
location are presented in Figs. 3.4 and 3.5 for 
four different Q-values. Here, the period z 
represents the wake-passing period specific to the 
individual wake generating cluster, which is 
characterized by the Q-value under investigation. 
The periodic behavior of the ensemble-averaged 

momentum thickness as a result of the embedded 
periodic wake flow is clearly visible for both 
pressure and suction surfaces. It is observed that 
by convecting downstream, < 62 > experiences 
a continuous increase, where its time-averaged 
value approaches the steady case (a = 0) value. 
The shape factor <HI, > experiences a similar 
periodic change with an average below the 
steady case as shown in Figs. 3.4b and 3.5b. 
Other information regarding the overall 
evaluation of turbine blade is provided by the 
time-averaged momentum thickness as shown in 
Fig. 3.6 for pressure and suction surfaces. The 
time-averaged momentum thickness indicates that 
for the particular blade under investipation, an 
increase of unsteady parameter Q results in a 
consistent augmentation of the momentum 
thickness over the entire pressure and suction 
surfaces. Although a general conclusion cannot 
be drawn from these results, they evidence the 
impact of unsteady wake flow on the boundary 
layer parameters and thus the profile loss 
coefficient and efficiency. This clearly shows 
that the steady state data cannot be transferred to 
the unsteady turbine design technology without 
modifications. 

The analysis of the data from a wavelet- 
based perspective is presented below. 
Intermittency calculations are made according to 
the recommendations by Hedley and Keffer 
(1974). The procedure utilized for the analysis of 
instantaneous time traces is summarized in 
Schobeiri et al. (1995). Ensemble averages of 
intermittency factor for the first two passing 
periods are plotted in Figs. 3.7 and 3.8 for 
pressure and suction surfaces. Figure 3.7 shows 
the results on pressure surface at y = 1.0 mm 
for the rod spacings of 160, 80 and 40 mm 
respectively. Figure 3.7a shows a virtual absence 
of turbulence between the wakes, showing the 
minimal interaction between them. The wakes 
are distinct through major portion of the blade 
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and at about s/so of 0.75, the change of slope 
makes the wakes to merge near the trailing edge 
of the blade. This merging is caused by the 
change in the flow dominated by the convection 
of free-stream wakes to the propagation of 
boundary layer spots traveling at lower speed. 
The increase in the wake frequency (low rod 
spacing) causes the wakes to merge earlier 
resulting in the region being highly turbulent due 
to the spotdominated wall layer empowering the 
wake-dominated freestream. The results in the 
case of suction surface show the merging of 
wakes taking place much earlier compared with 
pressure surface with higher intermittency values 
observed throughout the surface (Figs. 3.8(b,c)). 

The emerging complexity of the flow 
makes it imperative to quantify the active scales 
so that modeling can include more of the relevant 
physics. The classical method of Fourier power 
spectrum analysis is effective in recognizing the 
wake passing frequency, but ill-suited for 
analyzing the turbulence within the wakes. 
Wavelet tools allow quantitative measurement of 
both duration and time of occurrence of the small 
scale disturbances inside the wake region. The 
instantaneous velocity time traces are analyzed 
using a Mexican hat wavelet. The method for 
analysis of the data is described in Schobeiri et 
al. (1995). The dominant time scales on pressure 
and suction surfaces are plotted in Figs. 3.9 and 
3.10, respectively, for the rod spacings of 160, 
80 and 40 mm. Figure 3.9a shows similar 
pattern compared to the intermittency 
distribution with small time scales inside the 
wake region. In the case of Fig. 3.9b, the 
merging of the wakes is seen with the time scales 
approaching the sampling interval beyond s/so of 
0.8. This small scale activity is dominant 
through the half span of the blade for 40 mm rod 
spacing (Fig. 3.9~). The suction side shows 
similar results with the flow being fully turbulent 
for 40 mm rod spacing case as shown in Fig. 

dso 02 0.4 
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3.10~. 

Part Illb. All the measurements were taken over 
two full blade spacings with the ejection blade in 
the middle. It was not possible to position the 
probe tips exactly in the trailing edge plane. As 
a result, the distance between the pneumatic 
probe tip and trailing edge is 14 mm. The results 
are presented as a function of the probe position 
along y axis. The trailing-edge of the 
investigated blade has a y-coordinate of 163.2 
mm. The positions, y C 163.2 mm are on the 
suction side of the trailing edge ejection blade 
while the positions, y > 163.2 mm are on its 
pressure side. The measurements were 
performed for 14 different ejection mass flow 
ratios hJ& (litc = ejection mass flow, lit, = 
primary mass flow at station 2) ranging from 
&/h, = 0.0 - 0.042. F i a r e  3.2 shows the 
control surface required for performing the 
integration necessary for calculating the total 
pressure loss coefficient. The experimental 
measurements were carried out at station 2 (Fig. 
3.2) and the properties at station 3 are calculated 
from the relations given in Schobeiri (1989). 

The five-hole probe measurements are 
plotted in Figs. 3.11 and 3.12. Figure 3.11 
shows the ejection velocity profiles for three 
representative nondimensional ejection 
velocities, p = VJV’, = O., 0.3, and 1.0. The 
wake region represents the trailing edge ejection 
region. The z-component of velocity is very 
close to zero in all the cases indicating that the 
flow is two-dimensional. Comparing the case of 
p = 0.3 (Fig. 3.11b) with no ejection case of p 
= 0.0 (Fig. 3.11a), the wake appears to be 
deeper for p = 0.3 case due to a stronger 
dis,sipation for small ejection velocities as 
predicted by Schobeiri (1989). For the case 
where the ejection velocity is very close to the 
main flow velocity (p = l), the velocity profile 
(Fig. 3.11~) shows a valley on the suction side 
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and a peak on the pressure side. From the 
analysis, this appears to be the case with 
minimum pressure loss coefficient. Figure 3.12 
shows the total and static pressure distributions 
for p = 0.0, 0.3, and 1.0. The total pressure 
shows tendencies similar to the velocity 
distribution (Fig. 3.1 l), discussed earlier. 

The x-wire measurements are presented 
in Fig. 3.13. Since the velocity components are 
similar to those measured by the five hole probe, 
only the Reynolds stresses are presented. 
Longitudinal Reynolds stress and Reynolds shear 
stress components (Fig. 3.13aYc) have the 
highest peak at p = 0.3 and the smallest at p = 
1.0. This c o n f i i  the theory by Schobeiri 
(1989) that ejection velocity ratios p C 1.0 
result in stronger dissipation and thus higher 
mixing losses. The peaks in lateral Reynolds 
stress (Fig. 3.13b) decrease continuously with 
increasing p. Of all the Reynolds stresses, shear 
stress (Fig. 3.13~) shows the strongest 
asymmetry. The case with p = 0.3 shows a very 
strong negative peak towards the pressure side. 
Of all the mass flow cases investigated, this case 
has the highest dissipation and accordingly 
results in maximum pressure loss coefficient. A 
double peak can be observed for the case of p = 
1.0. This case is found to be around the optimum 
pressure loss coefficient range. To obtain the 
trailing edge mixing losses, it is necessary to 
carry out some further analysis of the data. 
Figures 3.14(ayb,c) show the integrated static 
pressures, total pressures, and energy at stations 
2 and 3 (Fig. 3.2) as a function of p. The 
difference of the energies at stations 2 and 3 
represents the dissipation due to the mixing of 
the cooling jet with the main flow. 

Figure 3.15 shows the pressure loss 
Figure 3.13 (a) Longitudinal, (b) Lateral 

Reynolds Normal Stresses, and (c) Reynolds 
Shear Stress 
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Figure 3.15 Pressure Loss Coefficient 
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a function of the non-dimensional ejection mass 
flow ratio. In the above equation, riz3 is the mass 
flow at station 3 given by m3 = fi2+lj2,. As can 
be seen from Fig. 3.15, the peak loss due to 
dissipation occurs at mAm2 = 0.011 which 
corresponds to p = 0.3. The minimum loss 
appears to be around r@h2 = 0.036, that 
corresponds to p = 1.0. Further analysis of the 
data and comparison with the theory is still in 
progress. 

Applications 

Part I 

The results above are useful for the 
design of coolant passages with jet impingement 
for rotating turbine blades. While differences 
between stationary and rotating jet impingement 
data are within 25% for turbine operating 
conditions, the effects due to the relationship 
between channel flow direction and the direction 
of rotation are still important. 



Part I1 Part 11 

The results presented in this study are very 
useful to the gas turbine designer. Modern gas 
turbine blades are protected fiom high 
temperature inlet gases by covering the blade with 
a thermal barrier coating. The protective coating 
chips off due to erosion or corrosion and exposes 
the blade metal surface to the hot gases. This is 
detrimental to the turbine blade. This spalding of 
the TBC coating enhances local and downstream 
heat transfer coeEcients and causes further 
damage to the blade. This study investigates the 
level of heat transfer enhancement caused by the 
spallation of TBC coating. The results fiom the 
present study can help the designer predict the 
blade life when TBC spalding occurs. 

Part 111 

Modeling the transition process is one of the 
key issues in turbine aerodynamics and heat 
transfer design. The goal of the boundary layer 
research is to provide an unsteady boundary 
layer transition model. Optimization of trailing 
edge ejection losses reduce the turbine blade 
losses, thus improving the turbine blade 
efficiency. 

Future Activities 

Part I 

It is well known that adding ribs to 
coolant passages with channel flow increases 
surface heat transfer for stationary and rotating 
conditions. Therefore, future tests will 
investigate the effect of rotation on jet 
impingement heat transfer for ribbed target 
surfaces. 

The effect of spallation on surface heat 
transfer enhancement will be studied for an actual 
turbine blade under various fiee-stream turbulence 
conditions. The effects of mainstream Reynolds 
numbers and upstream unsteady wakes will also 
be studied. The results will be correlated to 
provide a useful data base for turbine designers. 
Also, the effect of spallation on a turbine blade 
with film cooling will also be studied. 

Part I11 

Further experimental and theoretical 
boundary layer and trailing edge ejection 
investigations are under completion. The 
development of an unsteady boundary layer 
transition model is underway. For optimization 
of the trailing edge ejection aerodynamics, the 
comparison of the experimental results with an 
already existing and extended theory (developed 
by Schobeiri, 1989) will be the basis for 
establishing necessary criteria that allows a 
turbine aerodynamicist to optimize the design of 
the trailing edge ejection. 
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